Rotaviruses are the primary cause of severe diarrhea in young children and are responsible for ca. 500,000 deaths in the world each year (35) . Several vaccines against rotavirus disease have been developed, but none are available for routine immunization (48) . All candidate vaccines evaluated in clinical trials have been live, attenuated rotaviruses that are delivered orally to mimic natural infection. Although natural rotavirus infection has been found to provide substantial protection against rotavirus disease, particularly severe disease, the mechanisms by which this occurs remain largely undetermined (45) . A number of animal models have been developed to help understand the mechanisms of rotavirus immunity, including lambs (40) , calves (4, 12, 33, 53, 54) , piglets (3, 5, 17, 18, 56, 57) , rabbits (7) (8) (9) (10) , and rats (6, 16) , but the majority of the mechanistic studies have been conducted with the adult mouse model that we developed in 1990 (51) . Even with these models, only a partial understanding of the mechanism of rotavirus protection has been achieved. Furthermore, an animal model that more closely resembles humans is clearly needed, both to understand the mechanisms of rotavirus immunity and for preclinical evaluations of novel rotavirus vaccine candidates.
Nonhuman primates are the animals most closely related to humans. Although several rotavirus challenge studies have been conducted with these animals, the first of which was reported in 1976 (55) , very little is known about rotavirus infections in any nonhuman primate species. Several investigators have reported that oral inoculation of different nonhuman primates, including several types of monkeys as well as baboons, with either culture-adapted simian (SA11) or human (Wa) rotavirus or fecal preparations of human rotaviruses, will cause diarrheal illness in most animals during their first week of life (21, 23, 26, 31, 36, 41, 55) . However, after that time, essentially no illness was observed, and most of the older animals neither shed virus nor seroconverted. The exception may have been the results found after inoculation of one chimpanzee that, when orally administered SA11 at 141 days of age, developed diarrhea and shed large amounts of rotavirus over a 9-day period (41) .
A potential major limitation in these studies was the lack of a challenge virus that would reliably infect and produce illness in the nonhuman primate species under investigation. The only simian rotavirus used in these studies (SA11) was obtained from an asymptomatic vervet monkey (27) and has been repeatedly passaged in cultured cells, a method typically used for viral attenuation. The only other rotaviruses used were human strains. Although rotaviruses sometimes cross species barriers (32) , their virulence is typically blunted in heterologous hosts. Thus, these human strains, even those from human fecal specimens, are likely to be naturally attenuated in nonhuman primates. There has been no report of experimental inoculation of a nonhuman primate being performed with a wild-type (fecally derived) simian rotavirus. Therefore, it was possible that wild-type simian rotaviruses may produce severe illness in nonhuman primates after the first week of life, perhaps even up to several years of age as occurs in humans. The first purpose of this study was to obtain and characterize such a virus from rhesus macaques to be used for challenge studies in nonhuman primates. The second purpose was to determine whether this new strain of simian rotavirus could consistently produce high levels of fecal rotavirus shedding and possibly elicit diarrheal disease in macaques when administered after the first week of life. If either or both outcomes could be attained, this model system could potentially provide a highly relevant substitute for humans in studies on active immunity against rotavirus.
MATERIALS AND METHODS
Rhesus macaques: sample collections and illness monitoring. (i) Conventional animals. A group of 16 juvenile rhesus macaques (Macaca mulatto), age 2.6 to 5.9 months at the time of their enrollment on 12 November 2002, were included in a study to obtain wild-type rotavirus from naturally infected animals. All animals were born at the Tulane National Primate Research Center (TNPRC) and were housed under biosafety level 2 conditions in accordance with standards of the Guide for the Care and Use of Laboratory Animals and the Association for Assessment and Accreditation of Laboratory Animal Care. Only simian retrovirus (simian immunodeficiency virus, simian retrovirus, and simian T-cell leukemia virus)-negative animals were used. Every animal was monitored for diarrhea and signs of lethargy on a daily basis. Initially, blood samples were collected and sera were harvested and stored (Ϫ20°C) until analyzed for rotavirus immunoglobulin G (IgG) and IgA. Once these were determined, the 10 animals with the lowest titers were monitored for rotavirus shedding from 25 November 2002 through 6 February 2003. For this, stool samples were collected twice per week from the bottom of the cage containing each animal and stored at Ϫ80°C until tested for the presence of rotavirus antigen. Monthly blood collections were also taken from these 10 animals, and the harvested sera were stored (Ϫ20°C) until analyzed for rotavirus IgG.
(ii) Cesarean section-derived animals. Two groups of cesarean section-derived macaques were used. All were lactogenic immunity deprived (hand fed and free of maternal secretory IgA) and housed in nursery (biosafety level 2) rooms that contained only specific-pathogen-free juvenile animals obtained in this manner. At the time of cesarean section, the level of maternal serum rotavirus IgG ranged between 300 and 5,600 U/ml, where the limit of detection was 5 U/ml. The first group contained five animals that were monitored for up to 7 months of age for evidence of a natural rotavirus infection based on increases in their titers of serum rotavirus IgG or IgA between blood collections. The second group (eight animals) were bled at the time of birth and just before the time of rotavirus challenge, and rotavirus IgG and IgA levels in these serum specimens were measured. Between 14 and 42 days after birth, these animals were transferred to a separate room in the facility and intragastrically challenged with 3 ϫ 10 4 focus-forming units (FFU) of our new wild-type strain of macaque rotavirus following administration of 2 ml of 4% sodium bicarbonate to buffer stomach acidity. Stool specimens were collected between one and four times each day for the next 14 days, and the levels of rotavirus shedding were quantified. In addition, the consistencies of these stool specimens were graded for detection of diarrhea. During this period, the macaques were evaluated each day for signs of lethargy as an additional indicator of illness.
Quantitation of rotavirus IgG and IgA in serum specimens. The levels of rotavirus IgG and IgA were determined in serum specimens by enzyme-linked immunosorbent assays (ELISA) essentially as described previously (1, 46) . In brief, 96-well microtiter plates were coated with purified, double-layered simian rotavirus SA11 or with mock-infected lysate purified in an identical fashion. This was followed by the stepwise addition of diluted specimen or control sera, biotinylated goat anti-monkey (rhesus) IgG (Research Diagnostics, Inc., Flandus, N.J.), peroxidase-conjugated avidin-biotin (Vector Laboratories, Inc., Burlingame, Calif.), and substrate (orthophenylenediamine [Sigma Aldrich, St. Louis, Mo.]). Optical density (OD) values were determined at 490 nm. The levels were then expressed as units of IgG per milliliter, based on a standard curve generated from a human serum pool arbitrarily assigned a level of 1,000 U/ml. The lower limit determinable by this assay under the conditions used was 5 U/ml. Rotavirus IgA was measured in the same manner, except that biotinylated goat anti-monkey IgA (Research Diagnostics, Inc.) was used. In this case, the control serum (human pool) was assigned a value of 250 U/ml, and the lower limit measurable was 10 U/ml.
Detection and quantitation of rotavirus antigen in stools of macaques. Frozen stools collected from the cages of individually housed macaques were thawed, made into 20% (wt/vol) suspensions with Earle's balanced salt solution (EBSS), and tested for the presence of rotavirus antigen by ELISA as described elsewhere (30, 46) . For the group of conventional animals, shedding was quantified as optical density units (A 490 ), and the highest OD value measurable in the rotavirus-positive specimens was 3.0. Therefore, the quantity of rotavirus antigen present in these specimens was expressed as OD measurements up to 3.0. For cesarean section-derived macaques inoculated with the new strain of wild-type macaque rotavirus, fecal shedding of rotavirus antigen was quantified by ELISA as nanograms per milliliter of 20% suspensions of stool, based on a standard curve generated by using purified double-layered particles of murine rotavirus strain EDIM.
Quantitation of infectious rotavirus in stool specimens. Rotaviruses present in 20% suspensions of macaque stools were quantified by a fluorescent-focus assay (47) . Titers are expressed as FFU per milliliter of the 20% stool suspensions.
Cell culture adaptation of rotavirus from macaque stools. Rotaviruses in stool were adapted to grow in MA104 (monkey kidney) cells by using methods similar to those previously reported (30) . In brief, 20% (wt/vol) stool suspensions and dilutions of these samples (in EBSS) were treated with trypsin (15 g/ml; GIBCO Laboratories, Grand Island, N.Y.) (1:250) to activate the virus. Following centrifugation (1,200 ϫ g, 20 min) to remove debris, the supernatants were added to tube cultures containing monolayers of MA104 cells. After adsorption (2 h) on a roller apparatus, the cultures were washed and medium without serum, but with trypsin, was added. The culture tubes were rolled for 4 days or until cytopathic effects reached 3ϩ (whichever came first) and then were stored at Ϫ20°C. Subsequent passages were conducted without trypsin pretreatment of the lysate from the previous passage. In this study, the presence and quantity of rotavirus were determined after two passages in MA104 cells, using the same ELISA procedure as described for detection of rotavirus in stool specimens.
Electrophoretic analysis of viral RNA segments. The double-stranded RNA genome segments of passage 2 of the culture-adapted macaque rotaviruses were extracted from viral lysates and analyzed by polyacrylamide gel electrophoresis (50) . The electropherotype of one of the isolates was compared to those of prototype simian rotaviruses RRV and SA11, also grown in MA104 cells.
G serotyping of the culture-adapted macaque rotaviruses. The G serotypes of passage 2 of the culture-adapted macaque rotaviruses were determined by an ELISA with prototype G1 to G4 (Wa, DS-1, P, and ST3, respectively) human rotavirus strains as controls (15, 49) . VP7-specific monoclonal antibodies (MAbs) against G1 (MAb 5E8), G2 (MAb 1C10), G3 (MAb 159), and G4 (MAb ST3:1) rotavirus strains were used to coat 96-well microtiter plates (capture antibodies), and hyperimmune guinea pig antisera against G1 to G4 prototype human rotaviruses were used as the detector antibodies. The MAbs against G1 to G3 strains were gifts of H. B. A
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carried out at 50°C for 60 min in a heating block. The reaction was terminated by transferring the reaction mixture in a heating block set at 85°C for 5 min. The reaction mixture was cooled, 2 U of RNase H in 1 l was added, and the reaction mixture was incubated at 37°C for 20 min. PCR was carried out in a 50-l volume containing 2.0 l of the RT-PCR products, 5 l of 10ϫ amplification buffer, 1.5 l of 10 mM deoxynucleoside triphosphates, 1.0 l of 50 mM MgSO 4 , 1.5 l of forward and 1.5 l of reverse primer (200 nM each), and 2.5 U of Platinum Pfx DNA polymerase (Invitrogen Life Technologies). The template was denatured (94°C, 2 min), and then 30 cycles of PCR were carried out. Each PCR cycle consisted of a denaturation step (94°C for 30 s), an annealing step (55°C for 30 s), and an extension step (68°C for 3 min for gene 4 and for 2 min for gene 6). After the PCR cycle, an additional incubation step was carried out (72°C, 7 min). PCR products were purified by using the QIAquick PCR purification kit (Qiagen Inc., Valencia, Calif.). The nucleotide sequences of the VP4 and VP6 genes were determined by using purified double-stranded cDNAs generated by RT-PCR as templates. Sequencing was performed by Cleveland Genomics (Cleveland, Ohio), using an ABI DNA sequencer (Applied Biosystems, Foster City, Calif.). The primer pair used for generating double-stranded DNA was also used to sequence the initial 500 nucleotides from the ends of the positive and the negative cDNA strands. New primer pairs were designed by using the sequence generated until cDNA strands were completely sequenced. The gene sequence was determined twice with PCR products generated in separate reactions, using both strands as templates. Phylogenetic relationship of TUCH rotavirus VP4 and VP6 gene sequences with those of other rotavirus strains. CLUSTALW (http://www.ebi.ac.uk /clustalw/), a program that is commonly used for phylogeny reconstruction, was employed to analyze phylogenetic relationships of the deduced complete amino acid sequences of the TUCH VP4 and VP6 proteins with those of cognate proteins of other rotaviruses. This program predicts phylogenetic trees by comparing alignment scores for all possible pairs of the rotavirus VP4 and VP6 sequences. The rotavirus gene sequences used for pairwise alignment were first retrieved from protein databases by using WU-BLAST2 (http://BLAST.wustl.edu). The sequences were then aligned by using CLUSTALW to search for regions of similarity among the sequences. The fundamental unit algorithm output of BLAST is the high-scoring segment pair, which consists of two sequence fragments of arbitrary but equal length whose alignment is locally maximal and for which the alignment score meets or exceeds a threshold (the default cutoff score was chosen). In the analyses performed here, the default Blosum62 was used for the scoring matrix. Unrooted phylogenetic trees were constructed by using the neighbor-joining method (38) . The trees are displayed with TreeView (34) .
Preparation of a challenge pool of unpassaged TUCH rotavirus. To prepare a pool of unpassaged simian rotavirus to be used for subsequent challenge studies, the stool obtained on 2 January 2003 from macaque EA40 was processed. Although the rotaviruses from all five macaques examined had identical electropherotypes and therefore were likely to be very similar strains, only the rotavirus in this one stool specimen has been given the designation TUCH, and only this virus was used in subsequent experiments under that designation. This stool was used because only it and one other, of the seven stools examined, contained a high titer of infectious rotavirus, and it had the larger quantity of the two. A 5% (wt/vol) suspension of this entire stool (3.2 g) was made in EBSS by shaking (2 h, 4°C) with glass bends on an automated shaker. After centrifugation (1,200 ϫ g, 20 min, 4°C) to clarify the suspension, the supernatant was filtered (0.2-mpore-size filter) and stored (Ϫ70°C) in 1-ml aliquots. The titer of the original 5% suspension was 3.4 ϫ 10 5 FFU/ml, while the frozen aliquots contained 3.0 ϫ 10 4 FFU/ml (9% recovery). Nucleotide sequence accession numbers. The GenBank accession numbers for the TUCH VP4 and VP6 protein genes are AY596189 and AY594670, respectively.
RESULTS

Isolation of rotavirus from naturally infected rhesus macaques. (i) Identification of juvenile macaques with no evidence of previous rotavirus infection.
Before attempting to obtain rotavirus from naturally infected rhesus macaques housed within open cages in containment rooms at the TNPRC, it was first necessary to demonstrate that rotavirus is endemic in this macaque population. For this, we relied on serum rotavirus IgG measurements. Upon examination of a group of 16 juvenile macaques age 2.6 to 5.9 months and housed within the facility, it was noted that 5 had high titers of rotavirus IgG (geometric mean titer, 704 U/ml) and that the other 11 had much lower levels (geometric mean titer, 13 U/ml) ( Table 1) . Because the average ages of the two groups of macaques were comparable (5.2 versus 5.0 months), it was assumed that at least the five animals with high titers of rotavirus IgG had experienced at least one natural rotavirus infection. It is likely that rotavirus IgG detected in the other 11 macaques was residual transplacental antibody. These suggestions were supported by the finding that the 5 macaques with the highest levels of rotavirus IgG had detectable quantities of serum rotavirus IgA, while only 1 of the 11 macaques with little or no detectable rotavirus IgG had detectable rotavirus IgA (Table 1) . These results established that rotavirus infections were, indeed, endemic within this facility. They also identified animals that had no evidence of a previous rotavirus infection based on their low titers of rotavirus IgG and, therefore, that may be more susceptible to a natural infection within the following weeks.
(ii) Detection of rotavirus in stools of naturally infected macaques. To obtain rotavirus from naturally infected macaques, stool specimens were collected two times each week from the 10 macaques with the lowest titers of serum rotavirus IgG, and with undetectable rotavirus IgA, for a period of 10 weeks beginning 13 days after they were initially screened (12 November 2002) for rotavirus antibody. Blood specimens were also collected monthly over a 27-week period to detect changes in serum rotavirus IgG titers. Rotavirus antigen was detected in 6 of the 10 macaques in at least one stool specimen (Table  2) . Corresponding increases in rotavirus IgG titers were detected in every case. No gastrointestinal illness (vomiting or diarrhea) was observed in any animal in association with rotavirus detection.
In every animal in which rotavirus was detected, the quantity shed was sufficiently large so that the optical density determined by ELISA was off the scale (Ͼ3.0) in at least one specimen (Table 2) . To determine the recoveries of live rotavirus in these stools, the titers of infectious virus in the speci- 
a The first letter designates the building, and the number designates the room.
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mens with the highest optical densities obtained from the first five animals that shed rotavirus were measured by a fluorescent-focus assay. Based on the numbers of focus-forming units per milliliter of stool suspension (20%, wt/vol), these titers varied widely, and only two specimens had titers of Ͼ10 6 FFU/ml (Table 2) . Differences in titers between specimens were probably due primarily to differences in specimen conservation, since the stools were obtained in various stages of dryness from the bottoms of the cages. Characterization of rotaviruses obtained from stool specimens of naturally infected macaques. (i) Electropherotypes of culture-adapted rotaviruses. Eight stool specimens from five macaques for which the titers of infectious rotavirus were determined were also processed and used to infect MA104 cells in an attempt to culture adapt the rotaviruses in these specimens. A complete (4ϩ) cytopathic effect was observed within 48 h in all culture tubes inoculated with the rotavirus-positive stool preparations, and, when evaluated for the presence of rotavirus by ELISA after two cell culture passages, all eight tissue culture lysates contained large quantities of virus (i.e., all had optical densities of Ͼ3.0, even the lysate obtained from the specimen with an infectivity titer of Ͻ2.8 ϫ 10 2 FFU/ml). Thus, rotaviruses in these specimens required no adaptation to grow in cell culture.
When the double-stranded RNA genomes of these eight culture-adapted isolates (passage 2) were analyzed by polyacrylamide gel electrophoresis, all had identical electropherotypes (Fig. 1A) . In addition, the electropherotype of a representative of the group (macaque EA40) was compared to those of simian rotaviruses SA11 and RRV, and all three electropherotypes were found to be distinctly different (Fig. 1B) .
(ii) VP7 serotypes and VP6 subgroups of the cultureadapted rotaviruses obtained from macaques. The VP7 or G serotype of simian rotaviruses previously characterized has been found to be G3 (11) . We utilized serotype-specific G1 to G4 monoclonal antibodies against VP7 in an ELISA format in an attempt to determine the G type of rotaviruses in the eight culture-adapted preparations (passage 2) and found that all eight reacted strongly and specifically with the G3 MAb 159 (results not shown).
The intermediate capsid layer of the rotavirus particle is composed of the VP6 protein, the group antigen (8). Within a Stool samples were collected twice weekly from 10 juvenile macaques found to have very low titers of serum rotavirus IgG. These were tested for rotavirus antigen by ELISA, and those that were positive, along with the date that the specimen was collected and the OD determined by ELISA, are included here. Locations are as described for Table 1 . Titers in the seven stools with the highest OD were determined by a fluorescent-focus assay to detect infectious rotavirus. Blood specimens were collected monthly, and serum rotavirus IgG titers were determined for these specimens. 
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group A rotaviruses, four subgroups have been identified based on their reactivities with subgroup-specific MAbs that recognize epitopes within the VP6 protein (13, 15, 24, 25, 43) . These include SG1, SG2, SG1/SG2, and non-SG1/SG2. It has also been reported that animal rotaviruses typically belong to SG1. In contrast, most human rotaviruses belong to SG2. In an ELISA format, passage 2 of the culture-adapted rotaviruses obtained from macaques reacted strongly with MAb 225/60 to SG1 and had no reaction with the SG2 MAb 631/9 (results not shown). Based on these results, the rotaviruses obtained from macaques in this study were classified as serotype G3 and subgroup 1, as has been found for previously characterized simian rotavirus strains. The rotaviruses isolated from all five macaques characterized in this study appeared to be similar if not identical. However, in order to maintain consistency, all further studies were conducted with virus obtained from one specimen of one macaque, i.e., EA40. The virus obtained from this animal was named TUCH for Tulane University and Cincinnati Children's Hospital.
(iii) Phylogenetic analysis of its VP4 protein indicates that TUCH belongs to a new P genotype. Although the serotype and subgroup of the macaque rotavirus were found to be typical of simian rotaviruses and its electropherotype clearly distinguished it from prototype simian rotavirus strains SA11 and RRV, it was still unclear whether TUCH was a previously unidentified rotavirus strain. To ensure that it is distinct from the other rotavirus strains, nucleotide sequence analysis of the VP4 gene of a culture-grown isolate (three passages) from macaque EA40 was performed, and the deduced amino acid sequence was compared to those of representatives of the 22 established P genotypes by phylogenetic analyses (11, 28, 37) . The greatest amino acid homologies between macaque rotavirus and the other VP4 proteins were with representative P [3] rotaviruses, which included the simian RRV strain (Table 3) . Homologies with these strains (85.3 to 86.2%) were, however, very similar to those found with the P [10] 69 M human strain (85.4%) and the P[2] SA11 simian strain (84.4%). VP4 proteins of representatives of six other genotypes also showed Ͼ80% homology with the macaque rotavirus VP4, suggesting that the point of divergence from the macaque VP4 protein may have been similar for many rotavirus strains.
To further examine this possibility, phylogenetic analysis of the VP4 proteins of the TUCH macaque rotavirus and representatives of the 22 previously established P types was performed, followed by the construction of a phylogenetic tree (Fig. 2) . From this analysis it appears that the TUCH VP4 gene diverged from those of other genotypes at a distant point in time. This, coupled with the fact that none of these representative strains share Ͼ89% amino acid homology with the VP4 protein of the new macaque rotavirus (the suggested requirement for inclusion within the same VP4 genotype [14] ), indicates that the TUCH strain belongs to a new P genotype, which we tentatively classify as P [23] ).
(iv) The gene encoding TUCH VP6 also diverges from VP6 genes of other rotavirus strains. The VP6 protein or group antigen is highly conserved, especially within group A mammalian rotaviruses (48) . However, because of the divergence identified between the VP4 genes of TUCH and other rotavirus strains, it was of interest to determine whether this also occurred with another TUCH gene by using phylogenetic analysis. The greatest amino acid homology between TUCH VP6 and that of another rotavirus VP6 protein deduced from nucleotide sequence analysis was determined to be 95.5% (Table  4 ). This degree of homology, however, is the same or very similar to that shared with VP6 proteins of multiple rotavirus strains, again suggesting that the TUCH strain diverged from other rotaviruses at a distant point in time. A phylogenetic tree constructed from the amino acid sequences of these VP6 proteins indicates that the TUCH VP6 gene, like the VP4 gene of the virus, has diverged from all other rotavirus strains examined (Fig. 3) . Inoculation of young macaques with the wild-type TUCH strain to establish a nonhuman primate model for studies on active immunity. (i) Cesarean section-derived macaques can be maintained rotavirus free within the TNPRC. Because rotavirus was found to be endemic within the TNPRC, before conducting a rotavirus challenge study it was important to demonstrate that macaques housed in the TNPRC could be maintained without experiencing a natural rotavirus infection. It was already demonstrated that animals housed within conventional rooms within this facility became naturally exposed to rotavirus and that the TUCH strain was derived from one of these animals. To determine whether newborn macaques could be kept rotavirus free if derived and maintained in the absence of older animals, a group of five macaques was obtained by cesarean section and monitored until the ages of between 3.5 and 7 months for evidence of natural rotavirus infection based upon increases in serum rotavirus antibody levels. All animals experienced a steady decline in both serum rotavirus IgG and IgA from the date of birth (cord blood) until the end of the observation period (Table 5) , thus suggesting that macaques could be maintained rotavirus free within the TNPRC if derived and raised under these conditions.
(ii) Inoculation of young, rotavirus-naive rhesus macaques with the TUCH strain. A 5% suspension of stool from macaque EA40 was filtered and stored frozen in 1-ml aliquots. The titer of this preparation was 3 ϫ 10 4 FFU/ml, and 1 ml was given intragastrically to each of eight cesarean section-derived rhesus macaques between 14 and 42 days of age following intragastric administration of 2 ml of 4% sodium bicarbonate. The titers of serum rotavirus IgG on the day of challenge varied from animal to animal, but all had declined from the titers found on the day of birth (Table 6 ). Soft stools were detected during some collections in several animals during the 14 days after challenge, but none were indicative of diarrhea. Furthermore, the behavior of all macaques remained normal during this period, without evidence of lethargy. All eight macaques shed large quantities of rotavirus in their stools, beginning between 1 and 5 days after challenge and declining to undetectable or nearly undetectable levels by the end of the 14-day observation period (Fig. 4) . Even so, only three of the eight inoculated animals had detectable increases in serum a Caesarean section-derived macaques were housed in a room containing no other animals. Cord blood was collected on the day of birth, and venous blood specimens were collected on the specified dates (month/day/year).
b Serum rotavirus IgG and IgA levels expressed in units per milliliter. c DOB, date of birth (month/day/year). rotavirus IgG titer by 1 month after inoculation (Table 6) , possibly due, at least in part, to maternal antibody.
DISCUSSION
Since nonhuman primates are the animals most related to humans, it follows that they should be the most reliable for model studies using human disease agents. Accordingly, many studies on the pathogenesis of and immunity to such agents have been performed with nonhuman primates. Very few studies, however, have been conducted with rotavirus in any nonhuman primate species (21, 23, 26, 31, 36, 41, 55) . A major limitation for performing such studies has been the absence of a challenge strain of simian rotavirus that will consistently result in productive infections in a nonhuman primate species after oral challenge. The only simian rotaviruses in use today are the SA11 strain, reported by Malherbe and Harwin in 1963 (27) , and the RRV strain, discovered by Stuker et al. in 1980 (42) . Both have been passaged numerous times in cell culture, a method commonly used for viral attenuation, and no unpassaged (wild-type) simian rotavirus is presently available. The first purpose of this study was to obtain and characterize such a virus and prepare a challenge pool for use in a nonhuman primate model for rotavirus.
Although rotaviruses are not entirely species specific (19, 32) , the vast majority of natural isolates obtained from any species, including humans, have been associated specifically with that species. Since the nonhuman primates most commonly used as experimental models are macaques, the goal was to obtain a challenge rotavirus strain that is endemic in macaques and fully adapted to infect this specific nonhuman primate. Therefore, we first determined whether rotavirus was endemic in rhesus macaques housed at the TNPRC. Based on the presence of high titers of serum rotavirus IgG in all macaques Ͼ1 year of age (15 total), rotavirus is clearly endemic in macaques in this colony.
Next, we identified rhesus macaques within this colony that were the most likely to experience a rotavirus infection during the following months. Even though repeat rotavirus infections are common in humans (2) and are likely to also occur in macaques, the most severe rotavirus disease in humans almost invariably occurs after their first infection (44) , provided that this infection takes place during the period of greatest susceptibility, when a child is 6 months of age or older (22) . Our plan, therefore, was to identify rhesus macaques of approximately this equivalent age that had no evidence of a previous rotavirus infection based on serum rotavirus antibody levels. Accordingly, a group of 16 macaques age 2.6 to 5.9 months were evaluated for the presence of serum rotavirus IgG and IgA, and based on the absence of serum rotavirus IgA and very low levels of serum rotavirus IgG in 10 of these animals, these were considered to be the most likely to be susceptible to a rotavirus infection. Stool specimens were collected over a 10-week pe- FIG. 4 . Fecal shedding of rotavirus antigen after TUCH inoculation of eight rhesus macaques age 14 to 42 days. On days when Ͼ1 stool specimen was collected, the mean quantity of rotavirus antigen shed in the collected specimens was determined. Levels of antigen shed are expressed as nanograms of rotavirus protein per milliliter in 20% stool suspensions. The ages of the macaques on their day of inoculation are specified in Table 6 . Shedding data for macaques FB82, FB88, and FB97 were already provided in tabular form in a very recent publication (39 riod from these animals, and six shed rotavirus. Although most stools had relatively low titers of infectious rotavirus, probably due to viral inactivation prior to stool collection, one specimen each obtained from two of the animals (EA40 and EA42) contained titers of Ͼ10 6 FFU/ml, sufficient to utilize for the production of a challenge pool of unpassaged rotavirus.
The rotaviruses obtained from naturally infected macaques were then characterized. First it was shown that they were fully adapted to grow in cell culture and produced a complete cytopathic effect in MA104 cells during their first passage. This property is typical of some animal rotavirus strains and sharply contrasts with results found with human rotaviruses, where multiple cell culture passages are required to develop this phenotypic trait (50) . The culture-grown rotaviruses obtained from macaques all had identical electropherotypes which were distinct from those of SA11 and RRV. However, these viruses were identified as serotype G3 and subgroup 1, both features characteristic of simian rotaviruses (22) . Furthermore, a partial sequence comparison (amino acids 51 to 206) between the VP7 protein of one of the new macaque rotaviruses and the VP7 proteins of RRV and SA11 revealed that they shared 94.9 and 95.6% homology, respectively (results not shown), supporting the indication that the new macaque rotaviruses belong to serotype G3.
Because viruses obtained from all macaques were similar if not identical, the rotavirus obtained from only one specimen from one macaque (EA40) was utilized as the representative of the new rotavirus strain, which was named TUCH. Nucleotide analysis of the complete coding sequence of the VP4 gene from the TUCH strain revealed that it is genotypically dissimilar to those from rotaviruses belonging to the 22 established P types (11, 28, 37) . Rotaviruses have been classified within the same P type if they share Ն89% homology (14) . No rotavirus belonging to any established P type was found to share Ͼ86.2% homology with the VP4 protein of TUCH. The suggestion that the TUCH VP4 gene has evolved from those of other rotaviruses was supported by phylogenetic analysis. Therefore, the TUCH strain was tentatively classified as genotype P [23] .
Because the VP4 gene of TUCH appeared to have greatly diverged from VP4 genes found in other rotavirus strains, it was of interest to determine whether this could also be demonstrated for another TUCH gene. For this we selected the VP6 gene, which is highly conserved among group A rotaviruses (22) . Although the degree of difference between the TUCH VP6 protein and those of numerous others to which it was compared is much less than found for the VP4 proteins, the greatest homology was still only 95.5%. Furthermore, phylogenetic analysis of TUCH VP6 supported the hypothesis that the gene encoding this protein has also substantially diverged from cognate genes of other rotavirus strains. Therefore, although TUCH has retained epitopes required for retention of the VP7 serotype G3 and VP6 subgroup 1 specificities typical of simian rotaviruses, it is quite dissimilar to the standard simian rotavirus strains that are in use in many laboratories worldwide today. In fact, based on phylogenetic analysis with the VP4 and VP6 genes, TUCH is more closely related to mouse strains than it is to the simian SA11 or RRV strain. Possibly the TUCH strain arose from a reassortment event between a simian rotavirus and a rotavirus from another species at some distant point in time. If so, some genes, such as those for VP6 and VP4, may have been derived from the nonsimian strain. Independent segregation of rotavirus genes has been described in numerous publications, and even many human strains have been identified as reassortants between animal and human rotaviruses (see, e.g., reference 20). However, it is also possible that TUCH arose from a common ancestor of both simian and other G3 strains. Sequence comparisons between other gene segments of the TUCH strain and those from multiple rotaviruses could provide a more definitive explanation of the origin of the TUCH virus.
The second purpose of this study was to determine whether an unpassaged preparation of TUCH would replicate in previously uninfected macaques, resulting in consistently high levels of fecal rotavirus shedding and, possibly, diarrheal disease. Based on this study with eight cesarean section-derived macaques age 14 to 42 days, several of which contained high levels of maternal (transplacental) rotavirus IgG on their date of inoculation, the TUCH strain appears to be excellent for model studies on rotavirus immunity in macaques. In the age range examined, which is within a window sufficient to immunize and challenge, all eight animals consistently shed large quantities of rotavirus antigen. Presumably this age range could be readily extended, since the TUCH strain itself was derived from an animal that was Ͼ6 months of age. As was found with the mouse model that we established over a decade ago for studies on rotavirus vaccines and their mechanisms of protection (51), the TUCH strain will be useful for studies on both active and passive immunity. However, as was also found with rodent and rabbit models for rotavirus in their homologous hosts (6-10, 16, 51) , the TUCH strain will not be useful for studies on active immunity against diarrheal disease in macaques. In place of this, fecal shedding of the TUCH virus can be used as a marker of rotavirus infection in macaques, as has been used extensively in mice and rabbits.
